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A Planar InPhGaAsP Heterostructure 
Avalanche Photodiode 
TATSUNORI SHIRAI, SUSUMU  YAMAZAKI,  HARUO  KAWATA,  KAZUO  NAKAJIMA, AND TAKA0 KANEDA 
Abstruct-A new guard-ring structure for InP/InGaAsp heterostruc- 
ture avalanche photodiodes (APD's) i s  presented.  The  guard  ring con- 
sists of a  linearly  graded  junction  formed by beryllium  ion  implantation 
and two-step InP layers  having  different  carrier  concentrations (n-and 
n-layers grown on an  InGaAsP layer). A planar InP/InGaAsP avalanche 
photodiode having this guard ring has a maximum avalanche gain of 
110 at an initial photocurrent of 0.35 PA. The effectiveness of the 
guard ring is clearly discernible from the spot-scanned photoresponse 
of the diode. 
I. INTRODUCTION 
A PLANAR  STRUCTURE  is required for  a highly reliable avalanche photodiode (APD) used in optical communi- 
cation systems so that surface passivation techniques can be 
applied completely. To  date, most InGaAsPand InGaAs APD's 
reported are mesa diodes [1]-[5J. Fabrication of planar InP 
and InGaAsP) APD's has been actively studied [6], [7] , but 
avalanche gains reported have been quite low ( e o )  in the 
wavelength region of 1.3-1.6 pm, where the optical fiber is 
of low loss and low dispersion [8].  To obtain  a high avalanche 
gain, a guard ring which prevents edge breakdown at  the peri- 
phery of  the p-n junction is necessary in a planar structure. 
InP/InGaAs(P) heterostructure APD's whose p-n junctions 
are in the  InP layer  are considered suitable for reducing band- 
to-band tunneling current [9] and, as a consequence, for 
obtaining a low dark-current APD. In  the lattice-matched InP/ 
InGaAsP system, the thickness of the InP layer is usually 
restricted to be about 3 pm because misfit dislocations are 
generated in  the thicker epitaxial InP layer [ 101 . To produce 
a planar InP/InGaAs(P) APD, a guard ring and an active region 
must be included in this  thin  InP layer. 
A guard ring is usually formed by a linearly graded junction 
to achieve a higher breakdown voltage rather  than  in the active 
region where it is formed by an abrupt junction. An abrupt 
junction can be formed by diffusion of cadmium (Cd) and 
zinc (Zn) which are generally used to form the p+-region in 
n-InP [ 111 , [ 121 . However, a linearly graded junction which 
can be used to form  a guard ring has been unknown. Ion im- 
plantation is considered a promising technique for producing 
a linearly graded junction because the doping density and junc- 
tion depth  can be controlled by implant dose and energy. We 
studied beryllium (Be) ion  implantation into n-InP and found 
that  the p-n junction formed by Be ion  implantation becomes 
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Fig. 1. Carrier profile of a Be-implanted p-InP region. The implant 
energy an< dose were 150 keV  and 5 X 1013 cm*,  respectively,  and 
annealing  was  carried out at 750'C for 20 min. 
a linearly graded one; however, a guard-ring effect cannot  be 
obtained solely by Be ion  implantation because edge breakdown 
occurs due to  the curvature effect in the shallow junction. 
In  this paper, we present a new guard-ring structure, using a 
linearly graded junction  by Be ion  implantation, and two-step 
InP layers, having different carrier concentrations [13] . The 
guard ring is effective in planar InP/InGaAsP APD's. In the 
following section, the Be-implanted junction is described to be 
a linearly graded one,  and  the new guard-ring structure is dis- 
cussed. The APD structure  and fabrication procedures are 
described in Section 111, and the characteristics of  the diode 
are shown in Section IV. 
11. GUARD-RING STRUCTURE 
A. Linearly Graded Junction by Be Ion Implantation 
The carrier profile of the Be-implanted region in n-InP was 
studied by  the  depth of the  p-n  junction.  Four wafers  having 
different carrier concentrations were prepared by the liquid- 
phase epitaxial method and the carrier concentrations were 
determined from the Hall measurement. Beryllium was im- 
planted at an energy of 150 keV and  a dose of 5 X 1013 cm-2. 
After the implantation, annealing was carried out in a con- 
trolled phosphorus atmosphere (0.5 atm)  'at 750'C for  20 rnin 
in an evacuated silica ampul. The  junction  depth of each wafer 
was observed through a microscope after stain etching with 
K3 (Fe(CN)6) : KOH aqueous solution. Fig. 1 shows the carrier 
profile obtained. As compared with the LSS theoretical dis- 
tribution,  a significant diffusion of beryllium was found.  The 
junction capacitance C of  the Be-implanted one was studied 
as a function of bias voltage V. The linear relation between 
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Fig. 2. Capacitance of a Beimplanted junction against bias voltage, 
plotted as l/C3 against V .  
l /C3 and V was obtained, as shown in Fig. 2. From these 
results, the p-n junction formed by the Be ion implantation 
can be concluded to be a linearly graded one. 
B. Breakdown  Voltage of Guard Ring 
Mesa and planar InP diodes were fabricated to  study the 
breakdown voltages of the Be-implanted junctions. The im- 
plant and annealing conditions were the same as described 
previously. Mesa etching was carried out by using a Br : HBr : 
H 2 0  (1 :17:34) solution,  and selective implantation  for planar 
diodes was performed by using a photoresist mask having a 
thickness of 10 pm. Fig. 3 shows the breakdown voltages of 
mesa and planar diodes obtained as a  function of the carrier 
concentration of the n-InP layer. The breakdown voltages were 
lower in the planar diodes than  in  the mesa diodes. This is 
caused by  the curvature effect at  the periphery due to  a shallow 
junction  depth (2 Nm). To form a guard ring, the  breakdown 
voltage of the planar diode must be higher than  that  of  the 
active region formed by  an  abrupt  junction. 
Cd diffusion was studied for making the active region be- 
cause the p-n junction became an  abrupt  one [ l l) .  The  break- 
down voltages of Cd-diffused junctions were also studied by 
producing mesa diodes. Cd diffusion was performed by using 
a CdP, source at 5OO0C for 3 h in an evacuated ampul. Fig. 4 
shows the result obtained. The breakdown voltages were al- 
most the same as those of the Be-implanted planar diodes 
shown  in Fig. 3. As a result, we concluded that a guard-ring 
effect cannot be obtained by mere combination of the Be- 
implanted guard ring and the Cd-diffused active region. For 
making a planar MD, a p-n junction having a higher break- 
down voltage is required in  the guard-ring region. 
To prevent the curvature effect  in  the planar diode  and to 
obtain  a higher breakdown voltage, a new guard-ring structure 
was studied (see inset in Fig. 5). This diode consists of two 
InP layers having different carrier concentrations and the Be- 
implanted junction. The carrier concentration of the upper 
layer was designed to be  the same as the Be-implanted junction 
depth (-2 pm). In this diode, edge breakdown can be pre- 
vented by  the low carrier concentration layer, therefore, the 
breakdown voltage was expected to increase. Fig. 5 shows the 
breakdown voltages of the diodes studied, The results show 
that  the breakdown voltage becomes higher than  that  of  the 
Cd-diffused junction. The difference obtained was 10-15 V. 
This indicates that  the upper n--InP layer is effective for in- 
Fig. 3. Breakdown  voltages of Be-implanted  junctions  against the carrier 
concentration of a n-InP-implanted  layer. 
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Fig. 4. Breakdown  voltages of  the  Cddiffused junction. 
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Fig. 5. Breakdown voltages of the new guard-ring structure and Cd- 
diffused  abrupt junction against n-InP carrier concentration. 
creasing the breakdown voltage and that a successful guard 
ring can be expected by combining the Be-implanted junction 
and the Cd-diffused one  of  the active region. 
US. DIODE FABRICATION 
Fig. 6 shows the structure of planar InP/InGaAsP APD's 
having the guard ring studied. The heterostructure epitaxial 
wafer was prepared by liquid-phase epitaxy. The epitaxial 
layers were grown on an (100) sulfur-doped I n P  substrate 
whose etch-pit density was about 500 ern-'. The carrier con- 
centration  and thickness of the n-InP layer were controlled to  
reduce tunneling current by keeping the electric field strength 
at the heterointerface below 3.5 X lo5 V/cmg . The carrier 
concentration of the n-InP layer (3-5 X cmd3) was ob- 
tained by compensating with cadmium, and  the thickness was 
determined to  be 2 pm as already described. The thickness of 
the  n-InP  and n-InGaAsP layers were 1 and 2 pm, respectively, 
and the carrier concentrations of these layers were 1 .O-1.2 X 
10l6 cm-3 without doping. The p-n-junctions were formed by 
Be ion implantation for the guard ring and Cd diffusion for 
the active region and the conditions  of processes  were the same 
as already described. Surface passivation was carried out by 
using plasma-deposited Si3N4 film. Ohmic contacts for p+- 
and n*-InP were made of AuZn and AuGe evaporated alloys, 
respectively. 
The breakdown voltages for the guard ring and the active 
region were 110 and 90 V, respectively. The difference in 
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Fig. 6. Cross-sectional  view of a planar  InP/InGaAsP APD. 
these breakdown voltages is considered t o  be sufficient enough 
for obtaining an effective guard ring. 
IV. DIODE CHARACTERISTICS 
Avalanche gains were studied as a  function of bias voltage. 
The avdanche process  was excited by using an InGaAsP  laser 
diode (-1.3 pm). Fig. 7 shows the results obtained. The on- 
set of the photoresponse was  observed at  a bias of 20 V, cor- 
responding to the  punchthrough  of  the depletion region from 
the n-InP layer to  the InGaAsP layer. The maximum avalanche 
gain obtained was 110 at  a primary photocurrent of 0.35 PA. 
The dark currents of the diodes were also studied at room 
temperature. The typical value at a 90-percent bias of the 
breakdown voltage was 20 nA and the dark-current density 
was 5 X IO-' A/cm2. 
The spot-scanned photoresponse was measured to study  the 
effects of the guard ring. The spot size of the InGaAsP laser 
light was about 10 pm. Fig. 8 shows the results, scanned 
across the center of the diode, for various avalanche  gains. In 
the active region, the photoresponse increased with increasing 
gain, but  not in the guard-ring region. This shows the effective- 
ness of the guard  ring. Uniformity of the response in the active 
region was studied at a gain of 15; the optimum gain in a 
practical system is around this value [14]. The uniformity 
of the response was good (see  Fig. 9). The quantum efficiency 
at 1.3 Irn was 50 percent without an antireflection coating. 
Considering the light reflection at the InP surface (-30 per- 
cent) [15], the quantum efficiency was expected to be 70 
percent by making an optimum coating. 
The frequency response of the diode was studied for various 
bias voltages. The measurement were performed by using a 
sinusoidally modulated InGaAsP  laser (1.3 pm) (Fig. 10 shows 
the results obtained). The responses improved as the bias 
voltage increased. The improvements were considered to be 
the effect of  the reduction of the diffusion component related 
to be the  extention of the depletion region. The -3-dB cut-off 
frequency was higher than 500 MHz at  a bias of 80 V where 
the InGaAsP layer was considered to  be fully depleted. Since 
the influence of carrier diffusion could be negligible at this 
bias, however, the deterioration was measured at around 20 
MHz. The reason is not known at present. The valance-band 
discontinuity at  the heterointerface may affect the response. 
The multiplication noise was studied in the multiple range 
A4 .< 40 at 1.3 pm and  at 30 MHz with  a 1 -MHz bandwidth. 
The effective ionization-rate ratio  of hole-to-electron was 1.9 
Bias Voltage (V)  
Fig. 7. Dark current and multiplication  factor of the diode as a  func- 
tion of bias voltage.  The  diameter of the  diode  is 220 ym. 
- 
active region 
pig .  8. Spot-scanned  photoresponse  across the center of the diode  for 
various  avalanche gains. 
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Fig. 9. Two-dimensional  photoresponse of the diode  at  a  gain of 15. 
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Fig. 10. Frequency responses of the diode for various bias voltages 
.against  the  modulated  frequency of incident  light. 
[16]. This value indicates that the multiplication noise in- 
creases  at the 2.79th power of the avalanche  gain. 
V. SUMMARY 
By combining the Be-implanted junction and two-step InP 
layers having different carrier concentrations, a new guard-ring 
structure  for planar InP/InGaAsP APDs was studied. The 
breakdown voltage of the guard ring was confumed to be 
higher than  the active region made by Cd diffusion. The guard- 
ring structure was effective in planar Id'/JnGaAsP  APD's and 
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TABLE I 
TYPICAL  CHARACTERISTICS OF InP/ InGaAsP APD 
Breakdown voltage VB 9OV 
Dark  current 20-50 nA at 0.9VB 
Avalanche  gain i10 at Ipo= 0.35 pA 
Quantum  efficiency 50% at 1.3 pm 
(NO =-coating) 
Cut-off frequency 500MHz at bias of 80 V 
Excess  noise  factor 6 at M=10 
resulted in  a high avalanche gain of 110. The typical charac- 
teristics of this APD are summarized in Table I. 
ACKNOWLEDGMENT 
The  authors would like to thank T. lkegami of NTT for his 
guidance and encouragement. They would also like to  ac- 
knowledge the useful discussions of  T. Mikawa, F. Osaka, H. 
Nishi, and T. Sakurai. 
REFERENCES 
[l] M. Ito, T. Kaneda, K. Nakajima, Y. Toyama, T. Yamaoka, and 
T. Kotani, “Impact ionization ratio in Ino.73Gao.27Aso.57P~.~~ ,” 
Electron. Lett., vol. 14, pp.’41p418, July 1978. 
[2] M. Feng, J. D. Oberstar, T. H. Windhorn, L. W. Cook, G. E. Still- 
man, and B. G. Streetman, “Be-implanted 1.3 pm InGaAsP ava- 
May 1979. 
lanche photodetectors,” AppZ. Pkys. Lett., vol. 34, pp. 591-593, 
[3] F. Osaka, K. Nakajima, T. Kaneda, T. Sakurai, and N. Susa, “InP/ 
InGaAsP avalanche photodiodes with new guard ring structure,” 
Electron. Lett., vol. 16, pp. 716-717, Aug. 1980. 
[4] N. Susa, H. Nakagome, 0. Mikami, H. Ando, and H. Kanebe, 
“New InGaAs/InP avalanche uha 
1407 
ltodiodes structure in the 1.0- 
1.6 pm wavelength region,” IEEE J. Quantum Electron., vol. 
[5] V. Diaduik, S. H. Groves, and C. E. Wurwitz, “Avalanche multi- 
plication and noise characteristics of lowdark-current GaInAsP/ 
InP avalanche photodetectors,” Appl. Phys. Lett., vol. 37, pp. 
[ 6 ]  J. P. Donnelly, C. A. Armiento, V. Diaduik, and S.  H. Groves, 
“Planar guarded avalanche diodes in InP fabricated by ion im- 
plantation,”AppL Pkys. Lett., vol. 35, pp. 74-76, July 1979. 
[7] H. Ando, Y. Yamauchi, H. Nakagome, N. Sua, and H. Kanbe, 
“InGaAs/InP separated absorption and multiplication regions 
avalanche photodiode using liquid- and vapor-phase epitaxies,” 
IEEE J. Quantum Electron., vol. QE-17, pp. 250-254, Feb. 
1981. 
QE-16, pp. 864-870, Aug. 1980. 
807-810, NOV. 1980. 
_. -
F. Hanawa, S. Sudo, M. Kawachi, and M. Nakahara, “Fabrication 
of completely OH-free V.A.D. fiber,” Electron. Lett., vol. 16, 
H. Ando, H. Kanbe, M. Ito, and T. Kaneda, “Tunneling current 
in InGaAs and optimum design for InGaAs/ImP  avalanche photo- 
diodes,” Japan J. Appl. Phys., vol. 19, pp. L217-280, June 1980. 
S. Yamazaki, Y. Kishi, K. Nakajima, A. Yamaguchi, and K. Akita, 
“Misfit dislocations in InP,hGaAsP/InP double heterostructure 
wafers grown by liquid phase epitaxy,” to  he published in J. 
Appl. Phys., June 1982. 
P.  K. Tien and B. I. Miller, “Diffusion of Cd acceptors in InP and 
a diffusion theory  for 111-V semiconductors,” Appl. Pkys. Lett., 
vol. 34, pp. 701-704, May 1979. 
A. Hooper and B. Tuck, “The electrical properties of zinc diffused 
Indium Phosphide,” Solid-state Electron., vol. 19, pp. 513-517, 
1976. 
T. Shirai, F. Osaka, S. Yamasaki, K. Nakajima, and T. Kaneda, 
“1.3 pm InP/InGaAsP planar avalanche photodiodes,” Electron. 
Lett., vol. 17, pp. 826-827, Oct. 1981. . 
T. Mikawa, S. Kagawa, T. Kaneda, T. Sakurai, H. Ando, and 0. 
Mikami,  “A  low-noise  n”-n-p  germanium  avalanche photodiode,” 
IEEE Quantum Electron., voL QE-17, pp. 210-216, Feb. 1981. 
B. 0. Seraphin and H. E. Bennett, Semiconductors and Semi- 
metals. New York: Academic, 1967,vol.  13, pp. 521-532. 
T. Shirai, S. Yamazaki, F. Osaka, K. Nakajima, and T. Kaneda, 
“Multiplication noise in planar InP/InGaAsP heterostructure 
avalanche photodiodes,” Appl. Phys. Lett., vol. 40, pp. 532- 
533, Mar. 1982. 
pp. 699-700, Aug. 1980. 
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 08,2010 at 01:29:42 EST from IEEE Xplore.  Restrictions apply. 
